Introduction
The results of technical evaluations show that damage due to reinforcement corrosion is among the first three causes of deterioration in concrete structures (Trocónis 2006) . Specifically, Spanish Concrete Group -GEHO-analyzed 844 cases with different pathologies in Spain, with reinforcement corrosion taking important place as the most frequently occurring pathology among the problems detected (GEHO 1992) . Excessive deformation ranks first with 22% of cases, the reinforcement corrosion represents 15%, and cracking is the cause of deterioration in 2% of cases.
Unfortunately, the use of aluminous cement in Spain has forced to assess and develop the rehabilitation project of thousands of dwellings with severe corrosion of the reinforcement. Prefabricated joists were widely used because of the speed of aluminous cement setting during the years 1950 to 1970. The posterior conversion of this type of cement and the presence of moisture accelerates the corrosion of reinforcement in the prefabricated joists, both with prestressed reinforcement as nonprestressed reinforcement, the latter being less used.
The authors have performed costly experimental tests in some damaged slabs.
Some damaged joists are taken from slab, removing the concrete compression layer, the mesh and the concrete blocks. And subsequently made pure bending test of these nerves. With the performing of the test on the isolated joist, which will have eliminated the other building elements, it does not reach a sufficient safety, since the corrosion of the reinforcement prevents the bond with the concrete. This does not correspond with the low degree of deformation and cracking observed in some cases the building, where the joist is part of the whole slab.
Due to the mismatch between the results observed in the building and those extracted from the experimental work is necessary to contemplate the real boundary conditions in a simulation. Therefore, the simulation was made of an intermediate slab restricted by the boundary conditions as real as possible.
The evaluation of the reliability is made on three-dimensional models. By analyzing the structures in space rather than using lineal models, other ways of working can be observed: the arch effect (Coronelli and Gambarova 2004) ; the membrane effect (Foster et al 2004) ; and the formation of struts and ties, as well as the transmission of loads in space. All this gives an estimation according to the observed pathology.
When structural elements are simplified through their neutral lines, the minimum work under which a supporting structure actually behaves does not appear. The present work is realized by spatial models, due to when pathology appears, these other ways of working are very important to assess the remaining safety. In this investigation, simulations have been made with different cases of corroded reinforcement, and a high proportion between the ultimate load and the service load is obtained when corrosion affects up to three neighboring joists. This observation also corresponds with the surveying experience of the research team.
The proposed method can estimate the remaining safety in these cases and help in making decisions about the intervention to be performed. The rehabilitation project can range from a light intervention to the evacuation of the building.
Significant influence of reinforcement corrosion
The severity of corrosion with loss of steel section depends on the percentage of reinforcement section lost, whether or not the linkage between concrete and steel is lost, and whether the concrete is reinforced or pre-stressed. Corrosion may significantly affect the load-bearing capacity, the capability to bend, and the deformation of a slab.
The loss of bond is much more critical than the loss of steel section (Mangat and Elgarf 1999) . The degree of bond of corroded bars cannot be measured directly and the problem of identifying the properties of bond is far from being solved (Coronelli and Gambarova 2004) .
The relationship between bond strength and corrosion must take into account the pressure due to the expansive action of corrosion, the tensile strength of cracked concrete, and the adhesion and friction between cracked concrete and corroded bars (Chung et al 2008) .
In the model proposed by Bhargava et al (2007) , bond strength of corroded bars increases while the concrete cover remains uncracked, usually up to corrosion level of 1-4% of mass loss in the rebar. However, bond is negligible at higher levels of corrosion.
A complete loss of bond and steel section at the lower reinforcement of the joists is assumed in this study as this facilitates the understanding of the worst possible scenario.
Residual capacity of a slab with corroded reinforcement
Two collapse mechanisms govern the safety of damaged slabs, the bending in the center of the span and the shear near the supports. If initial tests indicate a possible shear failure, it is usually entirely underpin and reinforce the slab, given the danger of brittle fracture mechanism that produces. The most common cases of corrosion occur at the lower reinforcement, so that this investigation evaluates the residual safety in cases of failure mechanisms of flexural bending.
The members subjected to bending moment are particularly corrosion sensitive. In Spain, some 25.6% of slabs show signs of corrosion-induced damage (Vieitez and Ramirez 1984) . The same source indicates that one-way slabs are the type of structure most affected by corrosion -representing 68% of all cases.
In some cases, even when all the lower reinforcement of any single joist was corroded, the slab did not reveal an unreasonable deflection or a high degree of cracking in partition walls or flooring. The structure appeared capable of withstanding considerable loads in those cases.
In case of severe corrosion, an expert must look after the rehabilitation works. There are no simulated evaluations or test for an entire building with corroded slabs in the literature, with its construction process, load history and phenomena of deterioration.
Slabs affected by widespread corrosion until the ultimate load are simulated in this work. Two aspects that can help the experts to make decisions are analyzed.
On the one hand, there are acceptance criteria by a load test to determine if a building shall be permitted to remain in service for a specified time period. According to ACI 318 (ACI 2008), a load test whose total load (including dead load already present) must not be less than 0.85 (1.4D + 1.7L) can be performed, where D is the sum of the dead loads and L is the sum of the overloads. Measured deflections shall satisfy any of the following equations, where lt is the joists span, and h is the slab thickness:
(1) (2) If the measured maximum and residual deflections, ∆1 and ∆r, do not satisfy any of the above equations, it shall be permitted to repeat the load test.
On the other hand, the ultimate load in the simulations can be compared with the service load. The ratio between the ultimate load and the service load enables the estimation of the residual Load Factor (LF). Vielma et al (2008) re-evaluate reliability factors for healthy R/C buildings in seismic analysis published by other authors. Table 1 
Building geometry
To analyze a full slab with real boundary conditions, a theoretical three-storey apartment building, consisting of frames of flat beams, one-way slabs with R/C joists and masonry façades and inner walls, has been modeled. The axis-to-axis spans have usual values comprised between 4 and 5 meters (157.6 -197.0 
in).
The entire structure is modeled in space where each element is precisely dimensioned and located, and all the reinforcement is in its real position, as can be seen in Fig. 1 . 
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The stability of the damaged structure is totally dependent on the degree of continuity and bracing of the entire structure. The assessment is realized on a middle floor with the appearance of the facade in the actual moment. Thus, the slab 2 has intermediate ideal boundary conditions.
There are many studies that exploit the symmetries of the models in finite element calculations (Hu et al 2003; Huang et al 2002; Mirmiran et al 2000; Schneider 1998; Shahawy et al 2000) , and this approach reduces computing time. Because of this, a quarter of the building is modeled. 
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The façade has conventional hollows on the ground and upper floors. Walls are modeled as solid 18 cm-thick panels (7.09 in), as they consist of a cavity wall with an 11 cm (4.33 in) brick outer wall, an insulated air chamber, and a 7 cm (2.76 in) brick inner wall.
Loads and structural members have been applied in order of their real appearance during construction as follows:
-Load-bearing structure: concrete prismatic finite elements and links that represent the reinforcement in actual position.
-Dead load for reinforced concrete structure (3,500 N/m 2 = 0.51 psi). -The façade is built at this moment. The façade weight will help loads to be withstood. This façade was modelled at the right moment to provide the stiffness necessary to prevent rotation and descent of structural elements.
-Weight of the partition walls (+1,000 N/m 2 = 5,500 N/m 2 = 0.80 psi): the weight of these walls appears as pressure on the upper face of the slab.
-Quasi-permanent value of the live load (+600 N/m 2 = 6,100 N/m 2 = 0.88 psi).
The value of the live load according to CTE ( N/m 2 (0.88 psi), which is the minimum service load required in an accidental situation.
-Remaining live load (+1,400 N/m 2 = 7,500 N/m 2 = 1.09 psi).
-Load until collapse: the load continues increasing in the studied area until a collapse happens.
To evaluate the load-bearing capacity in cases where corrosion appears, the complete loss of bond and steel is simulated on lower reinforcement of the joists at the moment when the slabs are loaded to 6,100 N/m 2 (0.88 psi), the service load.
Material properties
Models of a complete R/C structure with façade include three materials: concrete, 
Concrete
Multi-linear isotropic is the most widely used behavioral model for concrete. In Fig. 4 appears the stress-strain curve to represent this behavior for concrete provided by Bangash (1989) .
The values of the concrete properties are obtained from Eurocode-2 (AENOR 1993) and the Spanish Code on Structural Concrete EHE-08 (Ministerio de Fomento 2008).
-Compressive strength: in studied models, an element is crushed when the compression exceeds the strength of the concrete. The failure criterion of William and Warnke (1975) is adopted.
- Fig. 4 . Typical stress-strain curve of concrete subjected to uniaxial compression and tension.
-Tensile strength: concrete has a certain capacity for withstanding tensile
forces. This strength is usually taken into account in FEM. As it is intended to evaluate the additional resistance mechanisms that appear actually, it is important to take this capability into account -even if the value is small. When concrete exceeds its tensile strength, cracking occurs and stiffness is then lost in a direction perpendicular to the crack. Table 2 shows all properties required to model concrete.
Steel
Steel has the same tensile and compressive behavior and a simplified isotropic bilinear behavior is assumed, which is extremely realistic. To define this behavior, elastic limit and tangent modulus values are needed.
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-The elastic limit for B-500-SD steel used in this study is 500 MPa (72.5 ksi). 
Masonry
The masonry is a complex and heterogeneous material. It can be micro modelled or macro modelled (Lourenço 2002) . The first option is often used to study small simple elements, and bricks and mortar are often modelled separately, as well as the contact between both materials. However, macro modelling is employed in this study as large masonry structures are evaluated, where interaction between bricks and mortar is unimportant for understanding the overall performance. Furthermore, this study is focused on assessment of the reinforced joists.
-The value of masonry compressive strength is taken from the Basic
Document for Structural Safety in Brick Buildings (DB SE-F) of the Spanish
Technical Building Code (Ministerio de Vivienda 2006).
-The shear transfer coefficients employed in this study are based on a study by Cubel et al (2012) .
Remaining data for simulating the behavior of the façade has been taken from studies by Brencich and de Felice (2009), and Dilrukshi et al (2010) . Table 2 shows the summary of the material properties values used in this research.
Parameter verification
Simulations cannot perfectly reproduce the reality, so it is very important to check the validity for the whole of this complex simulation.
In order to validate results and conclusions and confirm the accuracy of assumptions made in the studied cases, models and materials have been calibrated with research published by other authors.
Validation process starts with the analysis of healthy structures by comparing elements in terms of bending of the studies made by Barbosa and Ribeiro (1998), and Fanning (2001) . In order to validate elements subjected to compression comparisons with Tavio and Tata (2009) are shown. In order to ascertain corrosion degree simulated in these specimens Table 3 is attached. Calibration was carried out very thoroughly, as it is sometimes difficult to accept the large loads that structures with corroded reinforcements can support.
Coronelli and Gambarova's research simulates the corrosion effect with different percentages. In this paper the extreme case of overall corrosion is shown. With smaller degrees of reinforcement corrosion, the building is on the side of safety.
Results of building specimens
Calculations have considered all materials nonlinearity (concrete, steel, and brickwork), equilibrium in the deformed structure, and the loss of rigidity caused by the cracking and crushing of concrete. The reliability of an entire structure has been evaluated by applying nonlinear models (Val et al 1997) , which are loaded to the ultimate load.
Stress in continuous slabs is distributed in a significantly different manner from distributions obtained using linear methods of calculation (Calavera 2003) . When using plastic analysis reserves of strength that were not calculated in the design phase can be discovered, thus less reinforcement is needed (Micic et al 1995) .
Due to many factors involved in the safety it is appropriate to consider the overall response of the structure. It is obtained from the load-displacement relationships; as well as the effects produced by the incremental load (Vielma et al 2008) .
Therefore load is applied incrementally to the entire building model, where the damaged slab has the real boundary conditions, obtaining load-vertical displacement curves at representative points of the slab. Comparisons are made between the healthy situation and the situations exhibiting a complete corrosion and bond loss in the lower reinforcement of one or more joists, with or without spalling, at different positions of the slab. Table 4 shows results obtained with simulations of various models in original conditions and in cases of corrosion. In each case, the three slabs are loaded up to 6,100 N/m 2 (0.88 psi), and at this point certain joists are selected. These joists are corroded and load is added until the collapse to the zones affected by corrosion. The corroded joists are located in slab 2 in order to remain in an intermediate situation.
Uncorroded bars models are also tested to establish the loads that can be endured. With the evaluation of these cases, the expert has an estimation of the remaining safety in cases of corrosion in some or in all the joists in the corner square, the square with joists continuity on one side, the square with beam continuity on one hand, and the square with beams and joists continuity in both directions.
These results are valid for the cases of usual spans. When analyzing a singular geometry, it is necessary to conduct a specific study.
The present paper proposes a methodology to assess the residual safety level in R/C slabs damaged by severe joists corrosion. Based on simulations made with Ansys finite element software, the remaining capacity of a structure with pathology is evaluated in highly realistic models of an entire building, as the model shown in Fig.   7 . The experts have two tools to help them in decision making. The essential tool is the ACI 318 load test (ACI 2008) for existing structures. Buy in this paper other tool is proposed to assess the reliability, the Load Factor. On the other hand, the way in which the standard ACI 318 indicates whether a structure may continue in use is by conducting a load test. The slab analyzed area will be charged to a load value equal to 0.85 (1.4D +1.7L), including dead load already present. The value of D is the sum of the dead loads and the value of L is the sum of the live loads.
In the present case, D has a value of 5.500 N/m 2 (0.80 psi) and L has a value of 2.000 N/m 2 (0.29 psi), according to CTE (Ministerio de Vivienda 2006) , so that the total load value for the load test is equal to 9.435 N/m 2 (1.37 psi). According to ACI 318, if the deflection increase caused by the test does not exceed the value of Δ1, construction can continue in use. In the present case, with a span of 4.92 m (193.85 in) and a slab thickness of 0.30 m (11.82 in), the increased deformation limit is equal to 4.03 mm (0.16 in). When exceeding this limitation, retrieved deformation must be measured when slab is unloaded, and it should be bigger than 75% of Δ1. In this case, the construction state is also accepted to continue in use. and has a Load Factor value of 2.38. In Fig. 10 can be seen that the specimens with spalling, total or partial, do not meet this load test, even with the simulation of the unload, since the unload remaining deflection is greater than the allowable. But these cases have still considerable load factor values, 2.29 and 2.37 respectively.
Finally, a case with a single corroded joist at the center of the square has been assessed (C.6). This specimen meets ACI 318 load test even with total spalling, and has a Load Factor value of 2.51.
A collapse caused by shear failure of the slab is the most dangerous possible occurrence as the speed of the event may produce victims. The priority during a survey therefore is to guarantee that the reliability ratio is adequate for the shear solicitation at the joists ends, where the shear solicitation is maximal. with total and partial spalling.
In the studied cases, collapse will be caused by bending moment. Traditional spans of around five meters are used in this research work. With these spans, shear does not determine the ultimate load (assuming there is no deterioration in the concrete).
Furthermore, most of the cases of reinforcement corrosion are found on the lower side of the joists. In this study, the lower reinforcement of some joists is simulated completely corroded, leaving the top reinforcement at the joists ends perfect, uncorroded, as it usually happen. Therefore, in the area with the maximum shear stress there is steel reinforcement in perfect conditions. In this area, the flexural reinforcement is located in the upper side. In cases of real surveys, it has been proved that this upper reinforcement is tensioned, even in cases of total corrosion of the lower reinforcement. Shear is not the main stress. It implies that, except for the case of spalling of the concrete cover, the section is in a state of high reliability. In any event, a very conservative approach regarding the shear transfer coefficients for open and closed cracks has been used (Vercher 2013) . With this conservative approach, simulations are able to represent the shear failure.
Summary and conclusions
The methodology proposed in this research produces results consistent with the literature and with the many real cases observed in slabs with corrosion in the R/C joists with damage produced by bending.
The recommendations for the practical application of criteria for intervention in these cases of buildings with usual spans are:
-When total corrosion occurs only in one isolated joist, regardless of its degree and position, the structure meets ACI 318 load test and presents appropriate
Load Factor values. In these cases, the needed intervention is a complete protection and a light reinforcement.
-When severe corrosion appears in three adjacent joists at the center of a square, it is necessary to differentiate some cases. In this work, three assumptions are assessed: without spalling, with total spalling and with central spalling (Fig. 9 ).
In the case without spalling, the simulations meet ACI 318 acceptance criterion only in cases with continuity at both ends.
However, the specimens do not meet ACI 318 load test when spalling appears, total or in part. The tensile reinforcement has disappeared, and nonetheless the Load Factor has values of 2.29 and 2.37 respectively in the square 4. In the square 2 the load factor values are lower: 1.88 and 1.96. This fact reassures the experts to perform the repair project, even light.
In humid zones, some of the joists (from 1 to 3 contiguous joists) will often have suffered corrosion of all the flexural reinforcement -yet the constructive elements remain undamaged and cracking is not excessive due to the deflection increase is very small.
The conclusion that can be drawn once the level of shear reliability is guaranteed is that when no more than three joists are corroded the repair is simple and there is no risk that the building will collapse. The required repair may even be as simple as fixing fiber bands to the lower side of the joists.
-Although less common, there are cases where corrosion has affected all the R/C joists of a bay. These cases require immediately shoring up the building and the general repair of the entire slab, which can range from the placement of lower joists to the fixing of fiber bands to the joists with a specific study of bond.
Regardless of the number of corroded joists in the area under study, much information about the residual safety can be acquired by estimating the slope in the position where the slab is within the load-displacement curve. This slope is obtained by a load test, and it is easy to identify if the structure is in the first or second stretch of behavior, because the slopes are very different, as can be seen in Fig. 8 .
It is especially recommended to reinforce the joists facing columns, as all simulations have shown that the failure occurs when the squares stop behaving independently, immediately after the failure of these joists. It can be easily seen in the break lines for an outer bay of a slab in Fig. 7 . This recommendation can be generalized to the new buildings, where these joists can be designed with a more important lower reinforcement. It also produces more safety in case of fire or earthquake.
An intervention is required in all cases of damaged joists, which can range from a protection to avoid future problems of durability to a comprehensive structural reinforcement.
